Histologic and immunohistochemical studies were carried out on four young cattle with diabetes mellitus associated with persistent bovine viral diarrhea (BVD) virus infection. Clinical findings included persistent hyperglycemia, decreased glucose tolerance, glycosuria, polydipsia, and severe emaciation. Macroscopically, multiple erosions and ulcers in the mucosa of upper and lower alimentary tracts and swollen lymph nodes were commonly observed. Erosions and ulcers in the mucosa of tongue, esophagus, and forestomach were represented histologically by necrosis of squamous epithelium with neutrophilic infiltration. In the small and large intestines, villous atrophy and suppurative cryptitis were often observed, along with diffuse infiltration of lymphocytes and macrophages and fibroplasia in the lamina propna. In the pancreas of all cattle, there was a reduction in the number of islet cells, and most of the residual islet cells had hydropic degeneration and a decreased number of secretory granules. Immunohistochemical examination confirmed that these cells were severely degranulated P-cells. In addition, many islets containing necrotic islet cells were observed. These islet cells had increased eosinophilia and shrinkage of cytoplasm, as well as pyknotic nuclei. Inflammation of the islets with mild infiltration of lymphocytes was observed in all pancreatic lobes. In addition, bovine IgGimmunoreactive cells were identified immunohistochemically in the affected pancreatic islets. The BVD virus antigen was not identified in the cytoplasm of the islet cells by immunohistochemical study, although it was identified in the epithelial cells of the small intestine. The histologic and immunohistochemical studies demonstrated that the pancreatic lesions in these animals were similar to those caused by acute insulin-dependent diabetes mellitus (IDDM) in human beings. These findings suggest that IDDM in Japanese Black cattle is an autoimmune disease induced through persistent infection by BVD virus.
Diabetes mellitus, resulting from a dysfunctional regulation of carbohydrate metabolism, is characterized by persistent hyperglycemia, glycosuria, polydipsia, and polyphagia. Currently, diabetes mellitus is understood as a heterogenous group of disorders sharing the common feature of glucose int~lerance.~' Insulin-dependent diabetes mellitus (IDDM) in human beings is considered to be an autoimmune disease resulting from the breakdown of self-immunotolerance induced by many environmental factors, including viral infections and various chemical ~ubstances.~~ Many viruses, such as group B coxsackie, mumps, Epstein-Barr, cytomegalo, influenza, rubella, and herpes, are suspected to be diabetogenic factors and are regarded as the most important cause of IDDM in human bei n g~. ~6 In animals, spontaneous diabetes mellitus has been reported most commonly in dogs and cats but has been reported rarely in ~a t t l e .~~.~~ Virus-induced diabetes, however, has not been described in animals, except for foot-and-mouth disease virus-induced diabetes in cattle3 and experimental encephalomyocarditis virusinduced diabetes in mice,6 Kilham's rat virus-induced diabetes in rats,I9 rubella virus-induced diabetes in Syrian hamsters,40 and coxsackie B, virus-induced diabetes in nonhuman primate^.^ ' We have reported spontaneous diabetes mellitus in young cattle. 43 The microscopic appearance of the pancreatic islet lesions in these cattle was similar to that of lesions of chronic IDDM in human beings. Evidence of autoimmune involvement was suggested in bovine diabetes. Thirty cattle infected prenatally and persistently with bovine viral diarrhea (BVD) virus were necropsied during a 3-year period. Four young animals among them were affected with diabetes mellitus. In the present report, we describe the histologic lesions and immunohistochemical findings in the pancreatic islets and discuss the possible pathogenesis of diabetes mellitus in these animals.
Materials and Methods

Case history and clinical findings
The diabetic cattle were two male and two female Japanese Black cattle, from 6 to 48 months old ( Table 1) . They gradually became emaciated and dehydrated from prolonged watery diarrhea and had polydipsia. Erosions or ulcerations were present in the mucosa of the muzzle, lips, oral cavity, and tongue.
Biochemical analysis of plasma was performed at the Kishimoto Clinical Laboratory. All diabetic animals were hyperglycemic (>75 mg/dl'*) (Table I) . During an intravenous glucose tolerance test (0.5 g g l u c~s e / k g ) ,~~ plasma glucose returned to preinjection concentrations by 2 hours in the control cattle ( Fig. I) , but the glucose concentrations were still markedly elevated after 3 hours in the diabetic cattle ( Fig. 2 ). Urinalysis using a test stick (N-Multistix, Miles-Sankyo Co., Tokyo, Japan) showed acidity and glycosuria. Measurement of neutralizing antibody titer against BVD virus23 and isolation of BVD virusSR were performed at the Laboratory of the Ishikari Livestock Hygiene Center. The serum neutralizing antibody titers were 8 in cow No. 1, 16 in cow No. 2, and < 2 in cow Nos. 3 and 4. Isolation of BVD virus was attempted on the pancreas, liver, spleen, kidney, heart, lung, blood, and mesenteric lymph nodes. Noncytopathogenic BVD virus was isolated from the leucocytes and sera of all cases, and cytopathogenic BVD virus was isolated from the mesenteric lymph nodes in cow Nos. 1 and 2.
Tissue preparation
Four cattle with diabetes mellitus were necropsied immediately after death. Tissue samples were collected from the main visceral organs, including the pancreas, and fixed in 10% neutral buffered formalin. Pancreatic tissues were also fixed in Bouin's or Carnoy's fixative. Sections for histologic examination were cut at 4 Fm from paraffin-embedded blocks and stained with hematoxylin and eosin (HE).
Pancreatic serial sections were also stained with periodic acid-Schiff s (PAS) reaction, PAS after diastase digestion, Congo red, and the aldehyde fuchsin and Masson-Goldner (AFMG) methods.'* Pancreatic tissues prepared for light microscopy were evaluated for quantitative differences in the number of islets in 5-unit (25 mm') areas and the number of islet cells in 50unit (2,500 Fm2) areas using a Hitachi mechanical scanning stage. The number of islets surrounded by lymphocytes also was counted in 50 fields using a magnification of 40 x . Student's t-test was used to determine if there were significant differences in mean values for each parameter between diabetic and control cattle.
Immunohistochemistry
Serial histologic sections of 10% neutral buffered formalinfixed pancreas and small intestine were used for immunohistochemical analysis by the avidin-biotin-peroxidase complex (ABC) procedure (Vectastain Elike ABC kit, Vector Labs, Burlingame, CA)." Specific antisera used in this study were anti-porcine insulin (Immuno Nuclear Corp.), anti-porcine glucagon (Amersham International PIC.), anti-human somatostatin (donated by S. Ito, Japan), anti-bovine chromogranin (Immuno Nuclear Corp.), anti-bovine IgG (BSD Ltd., UK), and anti-BVD virus (TropBio Ltd., Australia). Control incubations using excess antigen to immune or nonimmune sera as the first antibody and omitting the first antibody resulted in the absence of hormone-specific staining.
Control animals
The four control animals were nondiabetic Japanese Black cattle without BVD virus infection. In two of these cattle, measurements ofplasma glucose concentrations ( Fig. 1) were performed during the glucose tolerance test (0.5 g glucose/ kg)'9 at the Kishimoto Clinical Laboratory. Pancreatic tissues collected from all control animals were used as the histologic and immunohistochemical controls. 
Results
Gross findings
In all animals with diabetes mellitus, severe emaciation, erosions, and ulcerations were commonly observed. Multiple chronic erosions and ulcers, usually 2-10 mm in diameter, were found in the mucosa of the upper alimentary tracts. In the small intestine, deep necrosis with fibrinous exudate and hemorrhage was sometimes found in both the mucous membrane and lymphoid tissue of Peyer's patches. Similar lesions were also seen in the large intestine. Many lymph nodes were swollen, in all animals.
Microscopic findings
Multiple necrotic foci were noted in the mucous membranes of the upper alimentary tract in all animals. Squamous epithelial cells adjacent to the basal layer had hydropic changes, i.e., swelling or shrinkage with various degrees of neutrophilic infiltration. Necrosis of glandular epithelial cells, hemorrhage, and dilatation of gland lumens were observed in the abomasal mucosa. The small and large intestines often had villous atrophy and dilatation of mucosal glands, suppurative cryptitis, diffuse infiltration of lymphocytes and macrophages, and fibroplasia in the lamina propria. Lymphoid germinal centers were necrotic and mature lymphocytes were depleted in Peyer's patches and lymph nodes draining the alimentary tract.
In all diabetic cattle, the number of islet cells in the unit area fell to 42.3-58.8% of those of control cattle ( Table 2 ). There was a significant difference (P < 0.01) in mean values between diabetic and control cattle. The number of cells per islet was significantly decreased in diabetic cattle, but the number of pancreatic islets per unit area did not decrease (P > 0.05) in comparison with control cattle ( Table 3) . Most of the residual islets in the pancreatic lobes of diabetic cattle consisted of swollen cells having vacuolated cytoplasms ( Fig. 3) and a decreased number of aldehyde fuchsin-positive granules after AFMG staining (Fig. 4) in comparison with the pancreatic islets in control cattle (Fig. 5 ). In addition, the islets contained many islet cells with increased eosinophilia and shrinkage of cytoplasm and pyknotic nuclei, indicating the necrosis of the cell (Fig. 6 ). In cow Nos. 1 and 2, each pancreatic lobe occasionally had slightly atrophied islets, although this change was variable in degree. In the atrophied islets, islet cells had markedly decreased cytoplasms ( Fig. 7) and contained no aldehyde fuchsin-positive granules. Mitotic islet cell nuclei were sometimes observed in unaffected islets.
Islets surrounded by lymphocytes, either at the periphery or within the interior, were found in every 1s 0 0 0 0 diabetic animal (Fig. 8 ). The number of islets with lymphocytes ranged from nine to 18 per 50 fields, whereas no islets were surrounded by lymphocytes in the pancreatic tissues of the control animals (Table 4 ). In the affected islets, many of the islet cells had hydropic and severely degranulated cytoplasm, and some also exhibited eosinophilic and shrunken cytoplasm with pyknotic nuclei (Fig. 8) . Insular amyloidosis or glycogen accumulation in the islet cells was not detected in sections stained with Congo red or by the PAS method.
In the exocrine portions of the pancreas from diabetic cattle, focal lymphocytic infiltrations were sometimes found in the interlobular connective tissues, mainly around the small pancreatic ducts.
Immunohistochernical findings
In the control animals ( Fig. 9) , pancreatic islets were composed predominantly of insulin-immunoreactive cells (Fig. 9a ), a few glucagon-immunoreactive cells, and somatostatin-immunoreactive cells (Fig, 9b, c) . Insulin-immunoreactive cells were centrally located, whereas others were peripherally located. Most of the insulin-immunoreactive cells had prominent cytoplasm containing abundant granules that strongly reacted to anti-insulin antibody (Fig. 9a ). Most of the islet cells strongly reacted to anti-chromogranin antibody (Fig. 9d) .
In all diabetic animals (Fig. lo) , most islets that had hydropic cells had many centrally located insulin-immunoreactive cells with variable insulin-immunoreactivity. Most of the vacuolated islet cells had reduced immunoreactivity to anti-insulin antibody, suggesting severe degradation (Fig. 1Oa ). Islet cells that immunoreacted to glucagon and somatostatin were peripherally located. The number of these cells and the immunoreactivity of their cytoplasmic granules (Fig.  lob, c) were similar to those of the controls. The majority of the islet cells also showed feeble chromogranin Fig. 9a . Anti-insulin reactive cells. Fig. 9b . Anti-glucagon reactive cells. Fig. 9c . Anti-somatostatin reactive cells. Fig. 9d . Anti-chromogranin reactive cells. Pancreatic islet; diabetic cow No. 2. Four immunohistochemical sections of affected islets. Avidin-biotin-peroxidase complex stain with Mayer's hematoxylin counterstain. Bar = 25 Fm. Fig. 10a . Many insulin-immunoreactive cells exhibit less immunoreactivity than those of the non-diabetic cow in Fig. 9. Fig. lob, c . Glucagon and somatostatin immunoreactive cells show a peripheral location and the same immunoreactivity as control cow. Fig.  10d . Many islet cells show less chromogranin immunoreactivity than do those of control cow. immunoreactivity in all cases (Fig. 10d) . Increases in the number of the acinar islet cells having insulin immunoreactivity were observed in all the diabetic cattle. Involved islets containing various numbers of antibovine IgG reactive cells also were seen frequently in all cases (Fig. 11) .
In sections immunohistochemically treated with anti-BVD virus antibody, pancreatic exocrine glands and islet cells did not react to anti-BVD virus antibody, whereas epithelial cells of the small intestine reacted to anti-BVD virus antibody in every diabetic animal.
Discussion
In acute IDDM in human beings, it is very difficult to study histologic changes in the islets because treatment for this type of diabetes usually is prolonged. Therefore, the histopathologic features of the pancreatic islets in the early stages of IDDM are unclear.15 '31 In some previous reports,8,11,14,*6,25,33 the most characteristic morphologic features of the pancreatic islets in early IDDM patients, however, are degeneration or necrosis of @-cells, occasionally a reduction in the number of islet cells, and islet adenitis with lymphocytic infiltration. The preferential involvement of @-cells in IDDM is histologically represented by hydropic degeneration or eosinophilic shrinkage of cytoplasms and nuclear pyknosis. Severe degranulation of @-cells can be recognized in many of the affected pancreatic islets at the same time.4,8,25 These changes are characteristic of immunologically mediated destruction of P-cells induced by the islet cell antibody (ICA), complementfixing islet cell antibody (CF-ICA), and islet-cell surface antibody (ICSA) in serum of the early IDDM pa-
The reduction in the number of islet cells, vacuolar degeneration and severe degranulation in residual @-cells, and lymphocytic islet adenitis were the characteristic features of the endocrine pancreas in the diabetic cattle in the present study. In addition, the bovine IgG was deposited in the islet cells in all examined animals. These histologic and immunohistochemical findings in the pancreatic islets are similar to those in early IDDM in human patients. The presence of bovine IgG immunoreactive cells in the involved islets suggests that auto-antibodies such as ICA, CF-ICA, or ICSA may have been produced in the plasma.
However, hypertrophied islets having cells with prominent cytoplasms, variable granulation, and nuclear polymorphism are occasionally observed in the pancreas from human patients with early IDDM. In addition, there are only rare signs of islet cell neoformation by proliferation of duct epithelium or centroacinar cells. These changes may be interpreted as an attempt to compensate for an insulin deficiency due to progressive destruction of @ -~e l l s .~~J~,~~
The lymphocytic islet adenitis is thought to be a specific and important finding in the etiology and pathogenesis of IDDM. Recent research has indicated that most IDDM in human patients results from an autoimmune reaction to @-cells triggered by various virus infections in genetically predisposed individuals.20 Occurrence of autoimmune IDDM is occasionally associated with congenital or neonatal viral infection^.^^,^^ Initial virus infection commonly happens before birth or very early in life, although the diabetes may not appear until later. This mechanism could involve the production of new antigenic sites on the @-cell surface or a breakdown in the normal immunologic t~l e r a n c e .~.~ BVD virus affects all breeds and ages of cattle of both sexes, causing lesions in lymphoid tissues, alimentary and respiratory tracts, or reproductive organs. Two types of BVD virus occur: cytopathogenic virus and noncytopathogenic virus. 10~17,24,26 Pregnant cattle infected with BVD virus frequently may give birth to calves having a persistent viral infection. The animals with persistent BVD virus infection usually have the chronic form of BVD characterized by weak constitution, gradual emaciation, disturbance of alimentary tient. 53. 35.42 Vet Pathol 32:3, 1995 or respiratory function, breakdown in normal immunologic tolerance, or autoimmune disease. 27,30.41.45 The virus can be frequently isolated from blood or ocular and nasal secretions for prolonged periods. Results of the serum neutralization test and isolation of BVD virus from blood or from mesenteric lymph nodes and immunohistochemical examination for BVD virus antigen in the small intestine suggest that all the diabetic cattle in this study had been prenatally and persistently infected by this virus. Macro-and microscopic changes found in the upper and lower alimentary tracts and lymph nodes in these diabetic cattle were identified with the characteristic lesions caused by chronic BVD virus infection in ~a t t l e .~~.~~ Although positive immunoreaction to anti-BVD virus antibody was not found in the islet cells, the lymphocytic islet adenitis and anti-bovine IgG immunoreactive islet cells reported in the present study suggest that autoimmunity was related to the pathogenesis of the islet lesions. Therefore, we believe that immunologic abnormalities induced by persistent infection with BVD virus played an important role in the pathogenesis of diabetes mellitus in these cattle.
